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Cell Ca2 response to luminal vasopressin in cortical collecting tubule
principal cells. Although vasopressin V1 receptors have been shown to
exist in both luminal and basolateral membranes of rabbit cortical
collecting duct (CCD), exact cell types having V1 receptors remain
unestablished. To identify the distribution of V1 receptor by cytoplas-
mic Ca2 response, we utilized the confocal imaging system in the
microperfused rabbit CCD. Basolateral application of arginine vaso-
pressin (AVP) increased [Ca2J1 mainly in one group of cells which were
not stained by fluorescein-isothiocyanate-conjugated peanut agglutinin.
Luminal application of AVP increased [Ca2]1 in the same cells which
responded to basolateral AVP. These findings provide evidence that V1
receptors, as defined by the [Ca2]1 response, exist in both luminal and
basolateral membranes of the rabbit principal cell.
Vasopressin plays an important role in the regulation of water
and ion transport in the cortical collecting duct (CCD) through
specific receptors. Vasopressin receptors are classified at least
into three subtypes: VIa' Vib, and V2[l, 2]. Both V1 and V2
receptors have been reported to exist in the rabbit CCD [3, 4].
The stimulation of Via receptor increases cytoplasmic Ca2
concentration ([Ca2]1) through phospholipase-C/inositol
trisphosphate systems, whereas that of V2 receptor results in an
increase in intracellular cAMP concentration. In this report we
shall use the term of V1 receptor instead of 1a receptor, which
mobilizes intracellular Ca2, since other subtypes of V1 recep-
tor may exist in the kidney [5,6].
It has generally been accepted that most of the receptors for
peptide hormones and catecholamines are located in the baso-
lateral membranes of renal tubular epithelia. Arginine vaso-
pressin (AVP) is also considered to act on the basolateral
membrane. However, by electrophysiological study Naruse,
Yoshitomi and Kurokawa [7] reported for the first time that
AVP acts not only on the basolateral membrane but also on the
apical membrane of the CCD. In confirmation of this initial
observation, Ando, Tabei and Asano [8] subsequently reported
that an increase in water permeability induced by basolateral
application of AVP was suppressed by luminal application of
AVP. According to a series of studies by Naruse et al [7, 9],
luminal application of AVP in the rabbit CCD perfused in vitro
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increased lumen negative voltage associated with an increase in
both transepithelial resistance and [Ca2]. These effects were
prevented by V1 receptor antagonist [7]. Therefore, the luminal
effect of AVP is likely to be mediated through V1 receptor.
The rabbit CCD consists of heterogeneous cell types such as
principal cell and intercalated cell [10]. Kirk, Buku and Eggena
[11], using computer-enhanced imaging analysis, reported that
the principal cell is the primary target for basolateral AVP in the
rabbit CCD. However, the exact target cell for the luminal AVP
action remains to be established. Recently, the confocal laser
microscope has become available and enabled us to obtain the
image of an defined optical section [12, 13], thus providing
geometric information on hormonal actions by using appropri-
ate fluorescent markers [14]. The information with this tech-
nique precisely reflects the image of the focal plane by elimi-
nating the fluorescence out of the focus. Wang and Kurtz [15]
applied confocal laser microscopy to measure intracellular pH
of the in vitro perfused CCD. The present study was designed to
identify the cell type which is the target of the luminal action of
AVP by applying confocal laser microscopy for measurement
of [Ca2] in the microperfused rabbit CCD. After principal cells
and intercalated cells were distinguished by using fluorescein-
isothiocyanate-conjugated peanut agglutinin (FITC-PNA), [Ca2]1
was measured as an index of the V1 receptor-mediated cellular
response. The results show that luminal AVP acts on the peanut
agglutinin negative cell in the rabbit CCD, probably the principal
cell.
Methods
In vitro microperfusion of CCD
The isolated rabbit CCD were perfused in vitro according to
the method of Burg et al [16] with slight modification [17, 18]. In
brief, segments of CCD were isolated from female Japanese
white rabbits. The isolated segments were hooked up to a
holding pipette and cannulated with a single-barreled inner
perfusion pipette, to which a triple-lumen polyethylene tubing
was inserted to perfuse the tubular lumen with hydrostatic
pressure. The bath chamber had a volume of approximately 100
d with a runoff groove in series, so that the bathing solution
could be abruptly exchanged without causing flow turbulence.
Bathing solution was supplied from the reservoir by gravity and
kept at 37°C by flowing through a warmed water jacket. Two
individual lines were connected to a switching valve just before
the inflow port of the chamber so that the mixing of different
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solutions may be negligible. The flow rate of the bathing
solution was adjusted at approximately 6 to 9 ml/min, allowing
the bathing fluid to be exchanged within 1 second.
Confocal laser microscopy
The confocal system used in this study consists of an MRC-
600 Confocal Imaging System (Nippon Bio-Rad Lab., Tokyo,
Japan) and a Nikon Diaphot inverted microscope with a Nikon
CF-Fluor objective (x 40, n.a. 0.85). Perfused tubules were
excited with a 488 nm argon ion laser beam, through the
computer controlled galvanometer-driven mirror, which scans
the spot on a given plane in a raster pattern (384 x 512). The
fluorescence from an illuminated spot was conducted to the
photomultiplier tube through an aperture kept constant in size.
The digitized photomultiplier output at each point in the raster
scan was assembled into an image by a frame store in the
microcomputer (PC/AT). All images were obtained every 5
seconds and analyzed after low pass filtration. Photographs of
the image were taken by film processor (HC-1500, Toshiba,
Tokyo, Japan). Transmission images were captured by gather-
ing laser beams through specimen with a photodetector posi-
tioned opposite to the dichroic mirror. Photodetector output fed
into an another photomultiplier and image was built up with the
same way of the fluorescent image. Since confocal imaging is
very sensitive to moving artifact of specimens, the perfused
segment was carefully placed much closer to the bottom of the
bath. We discarded some data suffering from the moving
artifact. Only several cells located closely to the perfusion
pipette were subjected for the observation of confocal micros-
copy with a high magnification.
IdentUlcation of cell type
After isolated CCD was hooked up on the above system,
fluorescein-iosthiocyanate-conjugated peanut agglutinin (FITC-
PNA, 10 g/ml) was loaded from the lumen for five minutes at
37°C to identify /3-intercalated cell. Just before the end of the
loading period, we illuminated the segment and confirmed that
there was no leakage of the luminal fluid to the bath. A cell with
a characteristic PNA cap on the apical portion was identified as
a /3-intercalated cell (Fig. 1A, green labeled cells). We desig-
nated PNA-negative cells as principal cells because we cap-
tured image from early portion of CCD where most of the
intercalated cells are the /3-type [19]. Although possible inclu-
sion of a-intercalated cell cannot be ruled out by this definition,
such a possibility was assumed to be less than 5%. After cell
identification, tubules were excited with a beam of the same
wave length for one minute to abolish FITC-PNA fluorescence
by causing photobleaching.
Measurement of [Ca2
After the above procedure, fluo-3 AM (10 M) was intro-
duced from the bath for 15 minutes at 37°C. Then tubules were
excited at the above-mentioned wavelength. [Ca2] was deter-
mined by taking the ratio of fluorescence intensity during
stimulation (F) to that before stimulation (F0) as:
[Ca2 + ] = (Kd' — a Kd)/(a — 1),
where a = b . F/F0, Kd' = K4 Fmin/Fmax, b = ([Ca2]10+
Kd')/([Ca2],O + Kd), and [Ca2]1,0, basal calcium concentra-
tion. We assumed [Ca2]10 to be 120 nt in the rabbit CCD,
which is a mean value (N = 18) determined by fura-2 in the
preliminary experiments. We used a value of 400 n for the
Ca2 dissociation constants for fluo-3 (Kd) and 0.025 for the
ratio of minimal to maximal fluorescence intensity (Fmjn/Fmax),
as reported by Kao, Harootunian and Tsien [20]. It should be
noted that [Ca2] in this experiment provides information on
the relative changes in Ca2 concentration because an accurate
composition of intracellular milieu is unknown and spontaneous
photobleaching was observed without stimulation (Figs. 1C,
2C).
Solutions and agents
The composition of the perfusate and the bathing fluid was
the modified bicarbonate Krebs-Ringer solution containing (in
mM): 115 NaC1, 5 KCI, 25 NaHCO3, 1.0 Na2HPO4/NaH2PO4,
1.8 CaC12, 1.0 MgCl2, 5.0 sodium acetate, 5.0 D-glucose, and
5.0 L-alanine. The solution was bubbled continuously with 95%
02: 5% CO2 before and during the experiments to maintain the
pH at 7.4. AVP and PNA were purchased from Sigma (St.
Louis, Missouri, USA), and fluo-3 AM from Dojin (Kumamoto,
Japan). Stock solution of fluo-3 AM (1 mM) was dissolved in
DMSO, and diluted with the perfusate to a final concentration.
Results
The merging picture of transmission and FITC-PNA images
is shown in Figure lA. Three FITC-PNA-binding cells which
were identified as /3-intercalated cells are shown as green
colored cells in the picture. The data from successive applica-
tion of PNA revealed that 39% of cells (65/166) in the CCD were
PNA-binding cells. This observation is in good agreement with
previous reports [10].
Target cells for basolateral AVP
To identify the localization of basolateral V1-receptor, we
examined in which type of cell basolateral application of l0— M
AVP increased in [Ca2]1, by using staining with both FITC-
PNA and fluo-3. A magnified image of PNA non-binding area of
the black rectangular box of Figure 1A is shown in Figure lB.
Figure 1C shows time-dependent changes of fluorescence ratios
induced by basolateral AVP in the PNA binding or negative
area. These results show that basolateral application of AVP
increased [Ca2] in the PNA-negative cell. Fifteen cells from
five perfused segments increased [Ca2] in response to AVP.
Thirteen cells out of these 15 cells were PNA-negative cells.
The remaining 2 cells out of 15 were PNA-positive cells. These
observations indicate that basolateral V1-receptor is mainly
present in the PNA negative cell, probably the principal cell.
Target cells for luminal AVP
To identify the localization of luminal V1 receptor, AVP was
applied from lumen or bath in the same cell. After identification
of the cell which showed an increase in [Ca2]1 in response to
basolateral AVP (Fig. 2A), luminal application of AVP in-
creased in [Ca2], in the same cell (Fig. 2B). Figure 2C shows
the time course from the above-mentioned imaging data. The
time to show a peak and the amplitude of [Ca2i, responses are
different: the response to the basolateral AVP reached the
maximum faster than that to the luminal AVP application, and
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Fig. 1. Digital confocal imaging showing
that AVP changes in intracellular Ca2
concentration ([Ca2]) in rabbit CCD. A. An
image of FITC-PNA is superimposed on the
transmitted images of perfused cortical
collecting duct. Three PNA-binding cells,
which indicate /3-intercalated cells, are shown
as green color. B. Magnified epifluorescence
images of PNA-non-labeled cells, principal
cells, from the black rectangular box in Fig.
1A are depicted with every 5 seconds changes
in fluorescence intensity in response to bath
AVP (1O— M). The changes in fluorescence
intensity of fluo-3 were encoded with
pseudocolor scale shown at the right end.
C. Averaged fluorescence intensity ratios
during stimulation (F) to before stimulation
(F0) within black rectangle (open circles) and
white rectangle (closed circles) in A are
plotted against time. Arrows indicated time
points when images (a-h) were acquired.
the maximum level of [Ca2]1 after the basolateral application
was higher than that after luminal application.
To examine whether these different responses are due to the
order of application of AVP, we applied AVP in the reversed
order (Fig. 3). Figure 3C shows that an increase in [Ca2i1 to
AVP was more pronounced in the luminal AVP than in the
basolateral AVP, but the time course was similar to Figure 2C.
Seven cells out of 10 revealed that the first application of AVP
induced a larger increase in [Ca2j than the second application
of AVP irrespective of the application side. On the other hand,
the time courses of the responses were essentially identical.
The luminal application of AVP caused delayed responses
irrespective of the order of the application.
Eleven cells from six segments showed an increase in [Ca2]1
in response to the luminal application of AVP. In all these 11
cells the basolateral application of AVP also increased [Ca2].
These data clearly demonstrate that the same cell, probably
principal cell, possesses V1 receptors both in the luminal and
basolateral membranes.
Discussion
Confocal laser microscopy enables us to obtain optical infor-
mation from a defined focus plane [12, 131. Therefore, it will be
a useful tool to discriminate individual cell types in the nephron
segments consisting of heterogeneous cells. This method is
useful especially when we wish to obtain signals from a cell
existing in the tubular wall where transmission images overlap
with cells in the contralateral wall. By using this method, we
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Fig. 2. Confocal epjfluorescence images
from same cell in response to A VP (1O M) in
the bath (A, first application) and lumen
(B, second application). The time between
first and second application is 4 nun.
Averaged fluorescence intensity ratios from A
(closed circles) and B (open circles) are
plotted against time in (C). Arrows indicated
time points when images (a-h) were acquired.
The columns indicate the periods when AVP
was present in the bath or the lumen,
respectively.
demonstrated in the present study that V1 receptors, as as-
sessed by the [Ca2]1 response to AVP, are located in both
luminal and basolateral membranes of the principal cell in the
rabbit CCD. Although Burnatowska-Hledin and Spielman [21]
demonstrated V1 receptor in the isolated principal cell prepara-
tion, they could not determine the exact localization of V1
receptor. Our conclusion is based on the following observa-
tions: (1) basolateral AVP increased [Ca2]1 in the PNA nega-
tive cells, namely the principal cell; (2) both basolateral and
luminal AVP increased [Ca2], in the same cells. We designated
PNA-negative cells as principal cells. Because the initial por-
tion of the CCD used in this study contains mainly principal
cells and 13-intercalated cells [191, it is possible that the most of
the PNA-negative cells are the likely cells. However, we cannot
rule out the possibility that a-intercalated cells are also in-
cluded. This possibility may be less that 5% because of the rare
incidence of this cell type in the initial collecting duct.
In the present study, we observed that the magnitude of
[Ca2] response to AVP was greater in the first challenge
whether it was added to the lumen or to the bath. Kirk [22]
demonstrated that AVP induces receptor internalization in the
rabbit CCD. Although this may account for tachyphylaxis to
repeated applications from the same side of the tubule, it is
difficult to explain the cross tachyphylaxis between luminal and
basolateral membranes. Although we did not examine the
sources of [Ca2]1 stimulated with AVP, depletion of Ca2 in
the intracellular storage might be partially responsible. How-
ever, other mechanisms for cross tachyphylaxis cannot be ruled
out.
We also observed that the [Ca2]1 response to AVP was
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lumen bath
Fig. 3. Confocal epjfluorescence images from
the same cell in response to AVP (1O— M)
in the lumen (A, first application) and bath
(B, second application). The time between
first and second application is 4 mm.
Averaged fluorescence intensity ratios from A
(open circle) and B (closed circle) are plotted
against time in (C). Arrows indicated time
points when images (a-h) were acquired. The
columns indicate the periods when AVP was
present in the lumen or the bath, respectively.
delayed when it was applied to the lumen. This may be simply
explained by the fact that it takes longer time to exchange
luminal fluid completely. In order to avoid cell dislocation, we
had to exchange luminal fluid very carefully and slowly.
In the present study, a relatively high concentration of AVP
was applied. Because the aim of this work was to identify the
target cells of AVP, we attempted to obtain maximum re-
sponses for better resolution of imaging. We confirmed, by
ordinary microscopic fluorometry using fura-2, that luminal
application of 10b0 M AVP increased in [Ca2]1. Moreover, an
increase in [Ca2]1 in response to luminal or basolateral AVP
was prevented in the presence of V1-antagonist [7, 9].
In the present study, 2 out of 15 cells of CCD showing the
increased [Ca2]1 response to basolateral AVP were PNA-
binding cells. At the present time, we have no definite expla-
nation for these two exceptional cells. Fejes-TOth and Naray-
Fejes-Tóth [23] reported that hybrid cells expressing both
p-intercalated cell and principal cell antigens were observed in
immunodissected cultured /3-intercalated cells. Therefore, it is
possible that these two cells are such hybrid cells expressing
both basolateral AVP-receptor and luminal PNA-binding pro-
tein. However, we have no actual data to support this view at
the present time.
The physiological significance of the multiple regulation of
the principal cell by AVP, mediated via V2 and V1 receptors in
the basolateral membrane and V1 receptors in the luminal
membrane, is not clear at present. It has been demonstrated
that the basolateral AVP increases water permeability of the
collecting duct at basolateral AVP concentrations of about
10— 12 to lO M [3]. Adenylate cyclase is also activated in this
concentration range of basolateral AVP [21, 24]. By contrast, a
higher concentration of AVP (at least 10 10 to l0 M) is
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required to cause a measurable increase in [Ca24i in the
collecting ducts [3, 21]. These findings suggest that the basolat-
era! V2 receptor-mediated pathway is more important under the
physiological conditions. The same holds true for the electro-
physiological effects of AVP, where the effect mediated by the
stimulation of V2 receptor in the basolateral membrane is more
sensitive [7, 9]. Based on these findings, one may speculate that
the effects of AVP mediated by V1 receptor, either in the
luminal or in the basolateral membrane, could participate in
negative feedback control to prevent an excessive effect of AVP
action mediated via V2 receptor, especially when plasma AVP
is extremely high.
On the other hand, it should be also considered that the
concentration of AVP in the luminal fluid may exceed that of
plasma, even under a physiological condition. The urinary
concentration of AVP in human is in a range of 5 to 500 p, and
could reach 1700 M because urinary clearance of AVP in
lumen has been reported to be in the range of 0.1 to 0.6
mi/kg/mm and may reach 2.0 mI/kg/mm [25]. Ando et a! [8]
reported that water permeability stimulated by basolateral AVP
was inhibited by luminal AVP within this concentration range.
We have observed that luminal AVP at the concentration of 100
p increased [Ca2 i and changed ionic conductances of the
microperfused rabbit CCD [7, 9]. These data taken together
with the present results suggest that luminal AVP might have a
significant role in the regulation of water and ionic permeability
of the principal cell, especially when AVP concentration is
extremely high.
We have found that, despite the similar increases in [Ca2]1 in
response to either luminal or basolateral AVP in the principal
cell, the cellular electrophysiological responses are somewhat
different depending on the side of administration of AVP [7, 91.
We have observed that the stimulation of basolateral V1 recep-
tor increased luminal Na' conductance, whereas the stimula-
tion of luminal V1 receptor inhibited luminal K and basolateral
C1 conductance. These observations led us to speculate that
there may be intracellular compartmentation of Ca2 or another
second messenger which links separately to distinct final phys-
iological functions of either the basolateral or luminal signal
transduction systems. However, because of the limitation of
spatial resolution of our method, we failed to demonstrate any
images supporting this view.
We conclude that V1-receptors, at least as defined by [Ca2]1
response, may be distributed in both luminal and basolateral
membranes of the principal cells in the rabbit CCD.
Reprint requests to Kiyoshi Kurokawa, M.D., 1st Department of
Internal Medicine, The University of Tokyo, Faculty of Medicine, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113, Japan.
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